Screening mammography can distort estimated effects in breast cancer risk models due to associations with other risk factors. Mammography information was available in the Nurses' Health Study from 1988, and 1,815 incident breast cancers were accrued through 2000 among 55,625 women with risk factor data. Logistic models were fit for screening mammography, and inverse probability weighting was used to adjust parameters in an established breast cancer risk model. Approximately 80% of women in each 2-year follow-up period had screening mammograms, which were positively associated with history of benign breast disease, family history of breast cancer, hormone therapy, alcohol use, physical activity, multivitamins, and calcium supplements, and negatively associated with postmenopause, current smoking, and body mass index. Markers of medical attention, including hypertension, high cholesterol, and osteoarthritis, were positively associated, while cardiovascular disease was negative. Inverse probability weighting led to small changes in effects of benign breast disease, family history, and hormone therapy. An apparent reduced risk associated with current smoking in unadjusted models was eliminated after weighting. Thus, several risk factors for breast cancer and cancer diagnosis are associated with mammographic screening. Adjustment for screening had some impact on breast cancer prediction in this cohort, especially for hormone therapy and smoking. breast neoplasms; hormone replacement therapy; mammography; mass screening; probability weighting; risk factors Abbreviations: CI, confidence interval; RR, incidence rate ratio.
Mammographic screening for breast cancer is widespread in the United States, with approximately 75% of women 40 years of age or older having a mammogram per 2-year period (1) . Possibly because of concerns about potential increased risk of breast cancer (2, 3), mammography screening rates are higher among women taking hormones (4) (5) (6) . Mammography may be associated with other risk factors, as well as health-seeking (or -avoiding) behaviors, such as weight, smoking, or other lifestyle factors (5, (7) (8) (9) .
Such differences in exposures by screening may distort their estimated effects on breast cancer itself (10) . Screening may lead to the earlier detection of tumors before symptoms develop, resulting in detection bias, and an increased estimated risk among those who are screened. Although this most obviously impacts effect estimates for mammography itself (11) , the same distortion could potentially occur for risk factors associated with mammography. Weiss (12) describes 2 conditions in which screening could be a source of confounding: 1) when screening identifies treatable premalignant conditions and 2) when the number of cases included in the study would have been smaller but for the presence of screening. Joffe (13) argues that screening mammography can take the role of confounder, intermediate variable, or effect modifier.
Models for breast cancer incidence may similarly be influenced by screening bias. Such models (14) (15) (16) (17) are in wide use and can have clinical impact and affect treatment decisions. Because these models include risk factors associated with screening, bias in both risk factor estimates and predicted risk of disease can potentially occur unless there is universal and uniform screening in the population. Models developed for purposes of prediction are not necessarily intended to contain purely causal effects. If models attempt to estimate underlying associations of risk predictors with cancer, however, including screening mammography in the model is problematic, since screening may be on the causal pathway between risk factors and breast cancer diagnosis ( Figure 1) .
We estimated the extent of such potential bias on data from the Nurses' Health Study. We first modeled predictors of screening mammography using traditional risk factors for breast cancer, as well as other lifestyle exposures. We applied weights based on these models to estimate the direct effects of risk factors in a predictive model for breast cancer (15) .
MATERIALS AND METHODS

Study population
The Nurses' Health Study cohort was established in 1976, when 121,700 female registered nurses aged 30-55 years completed a mailed questionnaire including items on known or suspected risk factors for cancer and cardiovascular disease. Follow-up questionnaires were mailed every 2 years to update information on risk factors and to ascertain occurrence of major medical events. Deaths were identified by a family member, the postal service, or the National Death Index. Each questionnaire asked whether breast cancer had been diagnosed within the previous 2 years and, if so, the date of diagnosis. All women who reported breast cancer, or their next-of-kin if deceased, were contacted for permission to obtain relevant medical records. Self-reports were confirmed by pathology reports in 98% of reported cases. Because of the high confirmation rates, the few self-reported cases for whom medical records were unavailable were included in the analysis.
Information on age, weight, smoking status, family history of cancer, use of hormone therapy, and personal history of other diseases was updated on the biennial follow-up questionnaires. Additional information included age at menarche, parity, age at first birth, pregnancy history, age at menopause, type of menopause, and history of benign breast disease. Body mass index was calculated as weight (kg)/ height (m) 2 . Alcohol intake was assessed by using questions on the consumption of beer, wine, and liquor on a food frequency questionnaire sent every 2-4 years.
Information on mammography was collected beginning in 1988. Women were asked if they ever had a mammogram and how many years since their most recent mammogram. Details on the reasons for mammography, including whether it was conducted for screening purposes or due to symptoms, were collected first in 1990 when women were asked whether they had a mammogram within the past 2 years. Other potential correlates of screening included lifestyle behaviors, such as smoking and exercise, use of aspirin or vitamin or mineral supplements, including multivitamins and calcium supplements, and markers for medical attention, including high blood pressure, high cholesterol, and history of cardiovascular disease, arthritis, osteoporosis, and diabetes. Altogether, 57,859 women provided data from 1988 onward and had complete information on the factors in the breast cancer incidence model (15) . Of these, 55,625 women were free of cancer, had complete data on risk factors for breast cancer and potential predictors of screening mammography and information on breast cancer incidence in at least one 2-year period, and provided 493,763 personyears of information.
Statistical analysis
Predictors of screening mammography. Logistic regression was used to determine predictors of screening mammography during each 2-year period. Predictors were assessed at the start of the interval, and screening within the intervening 2 years was assessed at the end of each 2-year interval. Mammograms conducted due to symptoms were excluded from these analyses. Logistic regression models were fit for each 2-year time period from 1988 through 2000. The predictors remained relatively stable over time and, for descriptive purposes, these were combined into a single model by using generalized estimating equations with an unstructured covariance matrix in SAS PROC GEN-MOD (18) . This was based on 241,994 intervals of 2 years each, during which 208,906 screening mammograms occurred.
Inverse probability weighted breast cancer incidence model. The log-incidence model of breast cancer has been presented previously (15, 19) . Details are provided in the Web Appendix. (This information is described in a supplementary appendix that is posted on the Journal's website (http://aje.oxfordjournals.org/).) The use of screening mammography by a portion of the cohort, however, may introduce bias. Because screening is influenced by breast cancer risk factors, including demographics, lifestyle behaviors, and medical attention, and because screening is associated with breast cancer diagnosis, the estimated effects of cancer risk predictors may be distorted. A simple directed acyclic graph (20) representing the relation among risk factors, screening, and breast cancer and its diagnosis is shown in Figure 1 . Mammography screening is associated with risk predictors and is an intermediate variable for breast cancer diagnosis, so that control for or conditioning on screening is not optimal (21) . Our goal was to estimate the direct or marginal effects of predictors, rather than those conditional on screening, or to estimate the effect on breast cancer itself if screening were independent of the risk factors. Operationally, we used weighting to create a hypothetical population in which screening was uncorrelated with all the potential risk factors considered.
We used inverse probability weighting to eliminate the relation between risk factors and screening. Weights were based on the estimated probability of a screening mammogram within each 2-year period separately by using exposures assessed at the start of the interval. The population was reweighted to an overall proportion of 80% of the women screened, similar to the Nurses' Health Study cohort. Stabilized weights were used (22, 23) , with the weight at time t for individual i equal to 0.8/P(screen it ) for those with a screening mammogram in the interval from t to t þ 1 and equal to 0.2/(1 À P(screen it )) for those with no mammogram. Note that mammograms conducted because of symptoms were considered part of the diagnostic process and were not controlled. Because the great majority of women reporting mammograms for symptoms were not ultimately diagnosed with breast cancer (94%), weights for these women were set to 0.8/P(screen it ). In a sensitivity analysis, results demonstrated little change when these women were given a weight of 1.0 (i.e., no weight) instead. The probability of screening used in the denominator of the weights was computed from the logistic regression models fit in each time interval separately.
RESULTS
In 1988, 45,281 women had information on screening mammography and all risk factors for breast cancer. The average age was 53.9 years (standard deviation, 7.2). Thirty-five percent remained premenopausal, 15% had a surgical menopause, and 34% of postmenopausal women currently used hormone therapy. Body mass index was 30 or more in 24%, 17% were current smokers, and 21% had at least 1 drink per day. Thirty-eight percent reported a history of benign breast disease, 11% reported a family history of breast cancer, and 40% reported a family history of other cancer types. Seventy-seven percent of women had a screening mammogram within the next 2-year period (1988) (1989) (1990) , and 4% had one for symptoms. The percent having a screening mammogram increased to 85% in 1994-1996 and to 92% in 1998-2000, with 2% having a mammogram for symptoms in these years.
Predictors of screening mammography
Several potential predictors of breast cancer and other health factors were related to screening mammography in [1988] [1989] [1990] (Table 1) . Compared with those with no mammogram, those with a screening mammogram were less likely to have had a natural menopause, to be obese (body mass index, !30 kg/m 2 ), to smoke currently, or to abstain from alcohol. They were more likely to exercise and to use multivitamins and calcium supplements. They were also more likely to report a personal history of benign breast disease, a family history of breast cancer, or a family history of other types of cancer. Among postmenopausal women, those with a screening mammogram were more likely to use hormone therapy.
Logistic models predicting use of screening mammography were developed for each 2-year period to capture any varying effects by time. Screening mammography increased over the period of the study, with the odds more than doubling from 1988 to 1998, but many of the above factors remained important predictors (refer to Web Appendix Table 1 ). (This information is described in a supplementary table that is posted on the Journal's website (http://aje. oxfordjournals.org/).) For ease of presentation, a model combining all years using generalized estimating equations is displayed in Table 2 .
Women currently using hormone therapy had as much as 3 times the odds of having a screening mammogram, with past users also more likely to be screened. Odds were higher for women taking a combination of estrogen plus progesterone than those taking estrogen alone. Among those not using hormone therapy, screening mammography was highest among premenopausal women aged 50-54 years and was lower among women who were either younger or older.
Current cigarette smokers were less likely to be screened, with the effect strengthening with number of cigarettes per day. A woman smoking a pack/day (20 cigarettes) had 0.53 (95% confidence interval (CI): 0.51, 0.56) times the odds of undergoing screening as a nonsmoker. Women who drank alcohol in moderation or exercised regularly were more likely to be screened. Overweight or obese women were less likely to be screened, although this was attenuated among postmenopausal women. Premenopausal women with a body mass index of 30 or higher had an odds ratio of 0.77 (95% CI: 0.72, 0.82) for screening, which increased to 0.92 (95% CI: 0.88, 0.96) if postmenopausal. In addition, women who took multivitamins or, especially, calcium supplements were more likely to be screened.
Women with a history of benign breast disease or with a family history of cancer, especially breast cancer, were more likely to be screened. Other medical conditions were positively associated, possibly because of increased medical attention, including history of hypertension, high cholesterol, and osteoarthritis.
Models were similar across time periods, although there were some significant interactions with time (refer to Web Appendix Table 1 ). The greatest difference was in the association with current hormone therapy. The odds ratio for screening for a current versus never user of estrogen alone was 2.7 (95% CI: 2.4, 3.0) in 1988 and 6.8 (95% CI: 5.5, 8.3) in 1998. Because of these differences, stabilized weights were created from models estimated for each 2-year time period separately. The median weight was 0.88 (interquartile range, 0.83-0.99), with a minimum of 0.27 and a maximum of 46.5. The weighting removed the associations seen in the crude analyses ( Table 1) .
Predictors of breast cancer
In the unweighted log-incidence model (Table 3) , in a woman of average height and body mass index, the incidence of breast cancer increased by 9.2% per year during premenopausal years, by 3.5% per year after natural menopause, and by 2.5% per year after surgical menopause. These estimates changed very little in the weighted model, to 8.9% per premenopausal year, 3.5% per year after natural menopause, and 2.7% after surgical menopause.
Although the one-time estimated adverse association of first pregnancy seen in previous models (15) was not statistically significant in either weighted or unweighted models, parity and age at each birth, as summarized by the birth index, showed a strong inverse relation with breast cancer. Relative to a nulliparous woman with age at menarche of 13 years and age at menopause of 50 years, a woman with a single birth at age 35 had a relative risk of 1. Weighting impacted the estimates associated with hormone therapy use. Figure 2 shows the estimated incidence rate ratio by duration of current use among women who used combined estrogen plus progesterone and estrogen only. The estimated rate ratio associated with 10 years of estrogen plus progesterone use decreased from 2.00 (95% CI: 1.65, 2.42) to 1.67 (95% CI: 1.36, 2.05). That for estrogen use alone for 10 years decreased from 1.44 (95% CI: 1.22, 1.70) The weighting also attenuated estimated effects of history of benign breast disease. For a woman who reached menarche at age 13 and menopause at age 50, the relative risk associated with a positive history at age 50 was 1.80 (95% CI: 1.51, 2.14) in the unweighted model and 1.66 (95% CI: 1.39, 1.98) in the weighted model. At age 60, these became 1.54 (95% CI: 1.40, 1.70) versus 1.43 (95% CI: 1.29, 1.59), respectively. The estimated association with family history of breast cancer was lower in the weighted model, changing from a relative risk of 1.50 (95% CI: 1.33, 1.68) to 1.40 (95% CI: 1.24, 1.59). The weighting had less impact on the estimated effects of body mass index, height, and alcohol.
Although not part of the original breast cancer model, the estimated effect of cigarette smoking was examined in both Abbreviations: BBD, benign breast disease; BMI, body mass index; SE, standard error. a Premenopause duration ¼ minimum(age, age at menopause) À age at menarche. b Birth index ¼ sum of (minimum(age, age at menopause) À age at i th birth) over all births for parous women; birth index ¼ 0 for nulliparous women. unweighted and weighted models (Figure 3 ). In the unweighted model, there was a nonsignificant lower estimated risk among current smokers of 10 pack-years (incidence rate ratio (RR) ¼ 0.86, 95% CI: 0.71, 1.04) that was eliminated after weighting (RR ¼ 1.01, 95% CI: 0.84, 1.22). In addition, the unweighted model suggested a 25% higher risk among past smokers of 30 pack-years (RR ¼ 1.25, 95% CI: 1.12, 1.40) that was attenuated to 20% after weighting (RR ¼ 1.20, 95% CI: 1.07, 1.35). Finally, to determine whether screening mammography had a larger impact on risks associated with detection of small rather than larger tumors, we fit separate models for tumor sizes of 2 cm or less and for those more than 2 cm (Table 4 ). The unweighted and weighted estimated effects of 10 years of current use of combined estrogen plus progesterone were 2.28 versus 1.89 for small tumors and 1.45 and 1.27 for larger tumors. In general, weighting did not seem to have a larger impact on the model for small size tumors.
DISCUSSION
This paper examines factors associated with screening mammography and screening's impact on a breast cancer prediction model in the Nurses' Health Study, a cohort of largely white female health professionals. The rate of screening rose from 77% to 92% across 2-year periods from 1988 to 2000, which was higher than in representative national samples in 1987-1989 (54%) (24), 1995-1997 (71%) (24) , and 1998-2000 (76%) (1), possibly because of greater access to mammography among nurses. Even with such high rates, the lack of screening experienced by roughly 20% of the cohort could potentially distort estimated effects. Age and menopausal status were among the strongest predictors of screening mammography. Women aged 50-54 years were most likely to be screened, with lower rates among both younger and older women, particularly postmenopausal women. A similar decrease with age was also seen among a cohort of Medicare beneficiaries aged 65 or over in 2000, even after adjustment for current health status (7) . There, the screening rate was only 39% over 2 years. In a cohort from Ontario studied from 1999 to 2002, 46.5% of the women had a screening mammogram within a 2-year period, a rate that also decreased with age (8) . The Hawaii and Los Angeles Multiethnic Cohort also found the highest mammography use among women in their 50's (5).
As anticipated, a history of benign breast disease or a family history of breast cancer was a strong predictor of mammography use. In addition, women with other medical conditions, such as hypertension, elevated cholesterol, and osteoarthritis, were more likely to undergo mammography, perhaps because of more frequent contact with medical professionals. Those with the more serious diagnosis of cardiovascular disease, however, were less likely to pursue breast cancer screening. The Ontario study also found lower screening rates among diabetics (8), a finding that was not observed here.
We found reduced use of mammography screening among women who were overweight or obese, but only if premenopausal. Results from the 1998 National Health Interview Survey also saw decreased rates with higher body mass index among white women only (25) , and data from the 1998 Behavioral Risk Factor Surveillance Survey found reduced use among both obese and underweight women (26) . Analyses of more recent Behavioral Risk Factor Surveillance Survey data from 2004, however, found no reduction in use among overweight or obese women, although lower use persisted among underweight women (9) . None of these previous reports examined this relation by age or menopausal status.
Among the strongest predictors of screening mammography was hormone therapy, which is not unexpected given prior work suggesting a link between such hormones and increased breast cancer risk (2, 3) . The odds of screening mammography were 2-3 times higher among current users (21) suggest restricting the analysis to those previously screened, which could reduce the degree of confounding but also restrict the generalizablility of predictive models. Others argue that such restriction to screened populations may not be enough if screening is not complete (27) . For example, hormone therapy users who undergo screening may be different from those who do not. These authors suggest using sensitivity analysis to develop a range of plausible values for the effects of such exposures. Although Joffe et al. used only subsets in which the particular exposure effect on screening was small, we explored the use of a simple restriction to all those who had a screening mammogram in the previous 2-year period. This restriction led to estimates similar to those from the unweighted model. For example, the estimated rate ratio for 10 years of current use of estrogen plus progesterone was 2.01, and that for estrogen alone was 1.45, similar to the unweighted estimates of 2.00 and 1.44, respectively.
The current analysis first estimates the association of several factors with screening mammography and then uses these to compute weights for a predetermined breast cancer prediction model. This procedure is similar but not identical to marginal structural models using inverse probability of treatment weights (23, 28) . Here, the aim is to remove the influence of screening from the estimated effects of other risk predictors, rather than to estimate the effect of screening itself. The computed model estimates the risk of breast cancer in a population of women of whom 80% undergo screening mammography, with such screening evenly distributed by the selected risk factors. The structural model attempts to estimate the direct effects of risk factors on breast cancer apart from their effect on screening (22, 23) .
Weighting led to some attenuation of estimated effects in the breast cancer model, such as for history of benign breast disease, family history of breast cancer, and smoking. The largest impact was on the estimated effects of hormone therapy, likely due to its strong impact on screening. The weighted results tend to agree more closely with randomized results from the Women's Health Initiative, a trial of the health effects of hormone therapy. There, women assigned to estrogen plus progesterone experienced a 26% increase in risk of breast cancer compared with women assigned to placebo over an average 5.6 years of follow-up (29, 30) , while those with a prior hysterectomy assigned to estrogen alone had a lower risk of breast cancer over an average 7.1 years (31) . Because of the lack of full compliance in the Women's Health Initiative, the results are difficult to compare directly, however. More recent analyses of both the combined estrogen-progesterone (32) and estrogen-only (33) data from the Women's Health Initiative examined time from menopause to initiation of hormone therapy and suggested closer agreement between the trial and observational findings.
Limitations of the current analysis include the strong assumption of no unmeasured confounding, which is necessary to determine causality. The Nurses' Health Study collects a wide range of variables every 2 years of followup, including many known risk factors for breast cancer. It is possible that others are either not available or not well controlled. The validity of any causal inference depends on this control.
Detection bias associated with screening must be considered in analyses of any predictors when routine screening examinations are advised. Although randomized trial data are available for some exposures, such as hormone therapy, it is impossible to conduct trials to study the effects of other risk factors, including reproductive factors or medical history. In addition, when examining changing rates of breast cancer incidence (34) , researchers must consider screening, as well as its relation to risk factors such as hormone therapy. Causal inference models and sample reweighting, particularly when time-varying data are available, can attempt to address these complex issues.
